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This article presents the physics case for a new high-energy. ultra-high statistics neutrino scatter-
ing experiment, NuSOnG (Neutrino Scattering on Glass). This experiment uses a Tevatron-based
neutrino beam to obtain over an order of magnitude higher statistics than presently available for the
purely weak processes v, + e~ — v, +e” and v, +e~ — v, +p~. A sample of DIS events which is
over two orders of magnitude larger than past samples will also be obtained. As a result, NuSOnG
will be unique among present and planned experiments for its ability to probe neutrino couplings to
Beyond the Standard Model physics. Many Beyond Standard Model theories physics predict a rich
hierarchy of TeV-scale new states that can correct neutrino cross-sections, through modifications
of Zvv couplings, tree-level exchanges of new particles such as Z’s, or through loop-level oblique
corrections to gauge boson propagators. These corrections are generic in theories of extra dimen-
sions, extended gauge symmetries, supersymmetry, and more. The sensitivity of NuSOnG to this
new physics extends beyond 5 TeV mass scales. This article reviews these physics opportunities.
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Outline

1. Neutrino Scattering on Glass — a Tevatron Based Neutrino Fixed

Target Scattering Experiment;
2. The Physics of Neutrino — Charged Fermion Scattering;
Neutrino — Electron Scattering and New Physics;
Some TeV-Scale Examples. NuSOnG —LHC Interplay;
The Neutrino Coupling to the Z-Boson;

New ‘Sterile” Fermions and Other “Light” Physics;

N o g W

Concluding Thoughts.
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1. Neutrino Scattering On (lass

NuSOnG is a proposal to study fixed-target neutrino — matter interactions
e High Energies — protons from the Tevatron
e High Statistics — lots of protons from the Tevatron, large detector

e “Rare” Processes — highly segmented detectors capable of “seeing”

electrons

e Well Understood Neutrino Flux — “ratio-like” measurements
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NuSOnG will use 800 GeV Protons from the Tevatron
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This requires the TeVatron to achieve
new records:

5x the number of protons per fill,
1.5 x faster cycle time,
66% uptime per year
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High-energy,
very flavor-pure
neutrino beam

Neutrino Mode

K

=

N

1/
I/C"'/(:

E dp/dE /10° POT

based on NUTEV

| 1 11

200 400 600 80
E (GeV)

(20 x POT)

High-energy, because
we'd like to use IMD
events to constrain our
flux prediction
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NuSOnG will work with ratios.. ..

Purely leptonic

Expected errors

0.7% conservative,

0.4% best case
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NuTeV-style
“Paschos-Wolfenstein”

0.4% conservative
0.2% best case
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ULTIMATE GOAL: accumulate at least an order of magnitude
more neutrino events than the world’s data set to date:

# Detected to Date, # Expected at NuSOnG,
All Energies, All Detectors All Energies
Vs, <20 x 10 > 600 x 10°
Ve, Ue < 0.5 x 100 ® > 6 x 10°
Vs, Ur 10 —

(1) Mostly from NuTeV, CCFR, and the MINOS near detector.

(2) Mostly from (1) above. Largest reactor neutrino data sets around few thousand

events/detector. Solar neutrino experiments have recorded less than 10,000 v, events.
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Vyt+e —vyte
Vyt+e —Uyte
vy +e- — u" +ve [IMD]

Vp+q—= v+ X

Northwestern
In more detail, NuSOnG will measure ...
|ES] 600M v,, CC Deep Inelastic Scattering

190M v, NC Deep Inelastic Scattering

75k v, electron NC elastic scatters (ES)
700k v, electron CC quasi-elastic scatters (IMD)
33M v, CC Deep Inelastic Scattering

12M v, NC Deep Inelastic Scattering

7k v, electron NC elastic scatters (ES)

Ok v, electron CC quasi-elastic scatters (WSIMD)

Du+q—>PM—I—X
DIS]
Vp+q—p +X

v,+q—pt+X

TABLE I: Rates assumed for this paper. NC indicates “neu-
tral current” and CC indicates “charged current.”

... with sub-percent precision!
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2. On the Physics of Neutrino — Charged Fermion Scattering

Neutrino matter scattering provides a unique an clean environment to
study purely weakly interacting processes. In the Standard Model, at low

enough center of mass energies, v, + f eleastic scattering is governed by
the following effective Lagrangian.

L= —-2V2Gr (97 PLyuvL) X {gi foyfr ‘|‘9{2 Y fr
where
5 1
g — \fp (+§) )
g{ = ﬁ([g —Qf sin® HW) :
g = Vo (-Qsin®bw) .

At tree-level, p = 1. Loop corrections affect both p and what we mean by
. 2
sin” Oy .
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One can interpret v 4+ f as measuring the Weinberg angle . ..
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0.22

neutrino—quark scattering

0.2 past measurements corrected to m, = 1.38

0.18
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FMMF  FNAL616  CDHS CHARM CCFR NuTeV

... but it measures g7 g{ and g7 g7 independently. Much more information.
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Consider four D o(ne). 3 g2 — ()gzlgz)z (20" 91,)52
NuSOnG 2) olwe), = p*(5 — sin® w + 5 sin' ),
measurements: 1) gk = (ﬁ2gz'jsg}$)2 + (207 9R)*
= pz(a sin? Oy ).
fix sin? Oy, “measure” L0 ——— LR B L NN A
radiative corrections.
C w Vu
/
q q
- T =
The o(v.e) and g; >
measurements
T 7 Vi - are the strongest
with the 1nitial
e c N A | | { run-plan
SN [ ) S Y S L1 1 L1 1

-1.0 —0.5 0.C 0.5 1o
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Here, I'll concentrate on v, + e elastic scattering.

e Another channel to study neutral currents with neutrinos (cf.
NuTeV).

e Significant improvements over world’s data sample — CHARM II had

less than 6000 events, v and v combined.

e This is a very, very clean process! (Among First Standard Model
calculation, G. 't Hooft, “Predictions For Neutrino - Electron
Cross-Sections In Weinberg’s Model Of Weak Interactions,” Phys.
Lett. B 37 (1971) 195.)
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NuTeV: vq scattering (“PW?”) New Physics,
is 30 off SM... e.g. honuniversalitye

T v
Standard Model"?
(Cs)  |—e—] 0.2292 +0.0019 Y i
Qwits rsg 0.004 up ¢dn
Iz Pulls from Isospin Violation Models
‘©© 0.002 |-
NuTeV e o F
he W Standard Model (zero shift)
—0.002 -
—0.004 [
E158 Ce | 0.2330 £0.0014 i I I
-0.006 - N NuTeV Measurement (solid)
] no model
—0.008 - fully explains it...
PDG2004 0.2312 +0.0002 -
—0.01 | |
0-0 bag meson cloud QED

WEWE FNEWE N T TS P An updated NuTeV analysis

022 0.225 0.23 0.235 0.24 0.245 0.23

sin'8,(M,) will be available spring/summer
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3. Neutrino—Electron Elastic Scattering and New Physics

This is what one is able to measure:

do Gime.E,

T o [(gv + g% + (¢ T4’ (1 —v)?] |

in the limit m, < E,, for y = e for the recoil electron. Sign ambiguity

for neutrino and antineutrino scattermg, respectively.

New “heavy” physics will modify the coefficents

9r9L = 9v. T 94
9r9L = 9v. — 94

May 9, 2008 NuSOnG Physics
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Most general effective Lagrangian one can probe with v, + e scattering

2
NST = +A—\C[ﬂa%.PLVM} [cos@éy"PLe—l—sinﬁév"PRe} :

A = New Physics scale.

0 parameterizes “handedness” of the new physics. Note: signs matter.

Assumption 1: no scalar—scalar interaction (“suppressed” by neutrino and

electron masses)

Assumption 2: charged current — IMD — NOT modified. This is not true

of specific models

May 9, 2008 NuSOnG Physics
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NSI reach for neutrino-lepton scattering V,u>< Vo
e e
e \'2 . — S -
Ly =+ 12 [Va'jfd Fr, z.f“] [ccrs #en" Fre + sinf ey PRE]
mass  outgoing Relative mixture
scale  flavor of handedness
A
" 95% CL sensitivity
\/\/\ - if oo = muon flavor
& : ~4.5 TeV
| j ' if o # muon flavor
I ~1.25 TeV
6 (degrees)
0
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But we might see a signal!

Assume A=3.5TeV, 0 =21/3, a=u...
this 1s the 20 contour from NuSOnG

A (TeV)
{:
x

Assume A=1TeV, 06 =47/3, a=u...
these are the 20 contours from NuSOnG
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How can we learn more about this “new physics””? We need information

from other sources, including

e NuSOnG neutrino quark scattering;

e Other TeV-sensitive experiments, including the LHC.
The types of new physics fall under different categories:

e They affect all “electroweak precision” observables in the same way
(all loop-level effects that modify the W and Z boson propagators);

e They affect only neutrino neutral current measurements;

e They affect only neutrino-quark or neutrino-lepton measurements;

May 9, 2008 NuSOnG Physics
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4. Some “Heavy” Examples:

20
18
16

Note: Z' couplings may depend

S
heavily on the generation and 2 12
field-type (quark versus lepton) 2 10

N

=
8
6
| | LT(]')B—'I'L| U(]-)q—{—:ru | U(l)IO—}—mg U(]-)d—:zzu |
VuL, €L —r —1 x/3 (—1+2)/3
eRr —x ‘ —(2+;r,)/3‘ —1/3 ‘ x/3 ‘

TABLE VII: Charges of v,r,er,er under 4 phenomenolog-
ically viable classes of U(1)" symmetries. Each value of x
corresponds to a different U(1)" symmetry that is considered.

May 9, 2008
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u(1)

u(1)

B-xL

uQ1)

10+x5

g+xu

-8 6 -4 -2 0 2 4 6 8
X

[Bounds competitive with LEP]

NuSOnG Physics




André de Gouvéa Northwestern

Modifying the Neutrino Coupling to the Heavy Gauge Bosons:

e neutrino mixing with heavy gauge-singlet leptons

V = UVght COS 0 4 Vheayy SIN 0
X = —MWight SN O + Vyeayy COS O
v )
vV = ZWightWight COS~ 0

+ 27 Might Vheavy Sin 6 cos 6
| . 9
+Zl/h(‘:1\j\' Vheavy S 0
Wiy = Wil cos 0 + Wiltpeayy sin 0

YA, ( 1 — 66) Wiy, (1 - 6_)[>

May 9, 2008 NuSOnG Physics
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002 L | | | I I | | I | | I | | I | |

001 —

includes “promised” improvements

-~

from 7 data from BaBar w  0.00— —

and 7 data from PINUE - -

—0.01 — Y

_002 - | | | | | | | | | | | | | | | | | |
—0.02 —-0.01 0.00 0.01 0.02
€e
. . ~ —ry [Loinaz et al, to appear]
Fit with S, 7', <., and ¢,,.
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0.02

0.01

NuSOnG still very relevant!

—-0.01

[Loinaz et al, to appear]

Fit with S, T, ., and ¢,,.
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LHC: NuSOnG:
* Highl}f enhanced H =77 QCD explanation for NuTeV 1s found,
* The Higgs mass, allowing NuTeV to be corrected
lets say 300 GeV i
08 | NuTeV &
e complex decay modes 06F NuSONG
(e.g. 6W’s and 2 b’s) 04k s
ol Converge
And what it doesn’t... T o ? (0.2,0 \25

. -0.2
» Measure mass of new quarks LEP

* Observe new charged leptons
(off mass shell Drell-Yan produced)
* Reconstruct the decay modes fully

08060402 -0 02040608 1
A Chiral 4th generation (AS=0.2) ’
with isospin violation (AT=0.2)

15
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Reinforced NuTeV Anomaly: Modified Neutrino—Quark Interactions?

NuSOnG
v-e

LEP

/ NuTeV
v-q

Lepto-Quarks!

_l
o
II|III|III|III|III|III|III|III|III|III

e b oy by b Ly b
-0.8-0.6-04-02 -0 02 04 0.6 08 1
S

-1
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What if The LHC Does not Find Any Evidence for TeV degrees of Freedom?

Modified v — Z Coupling

uSoOnG

-..I...I...I.V._.el...l...l...

-0.8-06-04-02 -0 0.2 04 0.6 0.8 1
S

We May Still Run Into Surprises in the Neutrino Sector (Again!)

_l
. . . . |o . . .
II|III|III|III|III|III|III|III|III|III

1.1
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~ 6
> B
[
= B
S
2 \Z v
= C
Summary: 3 b
New Heavy Physics 2 = V
- Sensivity Range for NuSOnG at >95% CL \
o - | | | | |
N £ £ = % 2
T ey a o ) )
_ 5 ) = %) N
: : S 8 o =
] > _ o
o [ [ T 5 g
o (ox m o 45’_ 5
< <7 L ) 3
N N 2 » o
2
x
L
| Model |Contvribution of NuSOnG Measurement
Typical Z" Choices: (B — zL),(q — zu),(d + xu) At the level of, and complementary to, LEP II bounds.
Extended Higgs Sector At the level of, and complementary to 7 decay bounds.
R-parity Violating SUSY Sensitivity to masses ~ 2 TeV at 95% CL.

Improves bounds on slepton couplings by ~ 30% and

on some squark couplings by factors of 3-5.

Intergenerational Leptoquarks with non-degenerate masses | Accesses unique combinations of couplings.

Also accesses coupling combinations explored by m decay bounds,
at a similar level.

TABLE VI: Summary of NuSOnG’s contribution in the case of specific models
May 9, 2008 NuSOnG Physics
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5. Another Example: The “Nature” of the v — Z-boson Coupling

In the Standard Model, the neutrino coupling to the Z-boson is purely
left-handed. It is interesting to ask “how well do we know that?”

The most precise information we have regarding the neutrino—Z-boson
coupling comes from the invisible Z-width at LEP. However, LEP does

not measure g¥: it measures (g% )* + (g%)>.

On the other hand, we know a lot about the nature of the neutrino

W-boson coupling. That one is known to be purely left-handed

This means that neutrino beam experiments measure only g7 :

Complementary to LEP.

May 9, 2008 NuSOnG Physics




André de Gouvéa Northwestern

o B | | — I 1T 1 L I T 1 T T 1
©06F 42 0 .
0.4 | — B \ .
- | i / i
0L 1 02F m COMBINED
T r | | LEP l—‘inv .
0 |- 0 1 .
0.2 H N L= PN U CHARM II
sl | | 04 —
-O .6 _— I II | | | I | | | | | | II—— B | I I | I | I I | I | I I | | | I I | i
-0.5 0 0.5 024 0245 025 0255 0.26
2 2
g (gg) +(gp)

CHARM II — neutrino electron scattering — plays a fundamental role!
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NuSOnG: g, =0.500+0.0035

NuSONnG: g, =0.485+0.0035

Northwestern

E)_| : T T 1 ‘ T T ‘ 1 T T ‘ 1 T T : E>_| : 1 T T ‘ T T ‘ [T T T ‘ T T 7T :
& 0.4- - & 04- ~
B NuSOnG— - NuSOnG—
0.2 1 02- -
0 S : :
02 - 02- @ -
04 Leprzbiny -1 045 Leprzsin 7
B I I ‘ I | ‘ I | ‘ I | i B I | ‘ I | ‘ I I | ‘ I | i

0.24 0.24 0.25 0.255 0.26 0.24 0.24 0.25 0.25 0.26
2 2 2 2

(9:)7+(9,) (9:)7+(9,)

NuSOnG Improvement: could see new physics “easily”. What kind of new Physics is this?

May 9, 2008
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Competitive with E158 (Moller scattering)

4
+ =9 (€ruer) (ery¥er) -

Af, >TTeV,

Enew —

A7, > 16TeV .

[E158 only sensitive to parity-violating physics, unlike NuSOnG]

... and . EP2 L = :E% (ép’)’gep) (ﬁL'y"uL) , P=1L,R.
eP
Acr AL Acr Alr
L3 3.8 TeV 8.5 TeV 2.0 TeV 6.5 TeV
OPAL 7.3 TeV 8.1 TeV 6.3 TeV 6.3 TeV
DELPHI 7.6 TeV 7.3 TeV 2.0 TeV 6.3 TeV
ALEPH 9.5 TeV 6.6 TeV 2.0 TeV 6.1 TeV

May 9, 2008
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6. New Sterile Fermions and Other “Light” Physics

May 9, 2008 NuSOnG Physics
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Nonunitarity of the 3 neutrino mixing matrix

T2 — e
Y |Uaif* =1 - Xa, hep-ph/0705.0107
j
general __ punitary _ oy _OIIT al2cin? / r2
PQO = PQQ' u.\a[l H|(Q3| S111 ABl] -T- '\O'
\ g '
L/E dependent Not!

Appearance has same effect!

At 1.=0 there will be an instantaneous transition
between neutrino species!

(Natural consequence of sterile neutrinos with masses above 100 eV)
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* Look for excess v,’s in a range not expected

3 Neutrino Mode

To see instantaneous v, — v,

look for an increase
in v, rate at E ~350 GeV

E dg/dE /10° POT

Seeing both
would be a
striking
(1 M 29 I '
* Look for “wrong sign” IMD signature:
v, +e” — u+v, -- this should not occur!
Butif v, — v, thenv+e-— u~+v, ...same signature!
) A
WY
v M
\\)‘\\\ L\\"\\
0
Ck\\'
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NTAwntlhczraae 4+~

Also a direct search:

Filling the 15 m region between subdetectors with helium

and looking for neutrissimo decays...

These are produced
through mixing
in meson decays:

meson V_~

—
chgﬁ\
lepton

Vertex
in helium

May 9, 2008

Because of the Tev-based
beam, NuSOnG search for

production in B-decay... 1.e.up to~5 GeV!
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One thing I didn’t talk about:
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Addressing the NuTeV anomaly, and other QCD related matters:

The question...

Is this: Vu w B ;u w* being modeled
S \ \J correctly?

NuTeV measures the parton distributions on iron,
with these assumptions:

1. F?_V — sz
2. R, from charged lepton scattering applies to v and v

We are investigating

Our goal on NuSOnG: ‘ e
B our capability

A global fit to F,¥, F,", xF,Y, xF;V, RV, R,V

(Technique was developed by CCFR student C. McNulty,
which was limited by statistics.)
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Summary and Conclusions

e A large, well-understood sample of v, 4+ e ES events should prove to be a
powerful tool for exploring TeV scale new physics. NuSOnG aims at at
least an order of magnitude more events than all previous neutrino

experiments combined.

e Any new physics result at NuSOnG should prove to be complementary to
anything we may discover at the LHC — including ony a standard model
Higgs boson! NuSOnG will likely help elucidate the nature of the new
physics discovered at the LHC.

e By measuring v, + e, NuSOnG can test most new physics interpretations of
the NuTeV anomaly.

e Along with a record number of v,, + e ES events, one also gets a record
number of v,, + g DIS events.

e These will allow one to test all standard model solutions to the NuTeV

anomaly, plus perform several key QCD measurements (structure functions,
etc).
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e Even if there is no new physics, NuSOnG explores a different sector of the
Standard Model and contributes significantly to electroweak precision
observables and QCD. But remember: neutrinos have been (very) good to

particle physics in the past!

e An experiment like NuSOnG can only be performed at Fermilab. No one

else has the Tevatron accelerator!

e NuSOnG would serve as a great flagship experiment for a next-generation

of Tevatron-based fixed target experiments.

# Detected to Date, # Expected at NuSOnG,
All Energies, All Detectors All Energies
o <20 x 106 (V) > 600 x 106
Ve, e <0.5x 108 (? > 6 x 106
vy, Ur 1 O OPPORTUNITY?
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